The Notch family of transmembrane receptors has been implicated in the regulation of many developmental processes. In this study, we evaluated the role of Notch4 in immature hematopoietic progenitors by inducing, with retroviral transduction, enforced expression of Int-3, the oncogenic and constitutively active form of mouse Notch4. Int-3-transduced human myeloid leukemia (HL-60) cells demonstrated significantly delayed expression of differentiation markers following retinoic acid and 12-0-tetradecanoylphorbol 13-acetate treatment. Furthermore, HL-60 cells expressing Int-3 displayed a slower growth rate than cells infected with void virus, and accumulation in the G0/G1 phases of cell cycle. Transduction with deletion mutants of Int-3 defined the importance of individual domains of the protein (in particular, the ANK domain and the C-terminal domain) in the inhibition of differentiation and growth arrest of HL-60 cells. When mouse bone marrow enriched for stem cells (5-fluorouracil-resistant, lineage negative) was transduced and cultured for two weeks, the Int-3-transduced population displayed a lower expression of differentiation markers and a three-to five-fold higher frequency of colony-forming cells (CFU-GM/BFU-E) than control cultures. These results strongly support the notion that Notch signaling inhibits differentiation and promotes expansion of hematopoietic stem/progenitor cells.
Introduction
The Notch pathway mediated by interactions between cell membrane-bound receptors and ligands plays a fundamental role in regulating cell-fate decisions in multiple developmental processes. Four structurally conserved Notch proteins (Notch1-4) have been identified in mammals. 1 All Notch proteins have a large extracellular domain comprising up to 36 epidermal growth factor-like (EGF-like) repeats, a short single transmembrane segment, and an intracellular domain. 1, 2 The intracellular domain of the Notch protein consists in turn of a RAM domain, nuclear localization signals, six cdc/ankyrin repeats (ANK domain), and OPA and PEST sequences 1,2 at the carboxylterminus. Notch ligands are single transmembrane proteins with an extracellular domain that also consists of multiple EGF-like repeats and a highly conserved DSL domain.
1,2 Mammalian Notch ligands are classified into Delta-and Jagged-type subfamilies according to the structural characteristics of the extracellular domain.
1,2 Three Delta-type proteins (Delta-1, Delta-3, and Delta-4) and two Jagged proteins (Jagged-1 and Jagged-2) have been identified in mouse and human. Upon ligand binding, Notch receptors undergo a specific proteolytic cleavage by a presenilin-1-dependent gamma secretase-like protease, thus releasing the intracellular domain that translocates into the nucleus and regulates gene expression by binding to the transcription factor, CBF1. 3, 4 Steady-state hematopoiesis in the bone marrow microenvironment involves continuous proliferation within a compartment of hematopoietic stem cells (HSC) with a balance between selfrenewal and differentiation into populations of committed myeloid and lymphoid progenitor cells. There is increasing evidence that Notch signaling contributes to the regulation of both lymphopoiesis and myelopoiesis (see, for reviews, Moore et al, 5 Ohishi et al 6 and Pear and Radtke 7 ). Notch signaling was first implicated in lymphopoiesis by the finding that certain Tcell leukemias may be associated with a chromosomal translocation between human Notch1 and TCR-b genes. 8 All four Notch receptors have been reported to be expressed in hematopoietic cells at various developmental stages. 5, [9] [10] [11] [12] [13] Both the Delta and Jagged proteins are expressed in stromal as well as hematopoietic cells. 5, 6, 14, 15 Jagged-1 is expressed by marrow stroma 10, 13, [16] [17] [18] and also macrophages. 19 Delta-1, in contrast to Jagged, is absent or low in BM stroma while it is strongly expressed in normal thymic epithelial cells. 20 It has been postulated that cell-cell interactions between HSC and stromal cells may trigger the activation of Notch signaling, thereby influencing hematopoiesis. 5 Coculture of hematopoietic cells with Jagged or Delta proteins expressed on stromal cells, or with purified recombinant proteins, has been shown to promote expansion of hematopoietic stem/progenitor cells. 10, 14, 18, 21, 22 Massive expansion of murine hematopoietic precursors was achieved by culturing Sca-1 þ C-Kit þ marrow stem/progenitor cells with a cocktail of hematopoietic growth factors and with Delta-1 immobilized to the surface of plastic culture plates. 23 The addition of GM-CSF to these Delta-1 cultures induced myeloid differentiation, while the addition of interleukin (IL)-7 promoted early T-cell differentiation (CD25 þ , CD3e þ ). Transplantation of these Delta-1-cultured cells demonstrated that there was a multiple log increase in numbers of short-term myeloid and lymphoid reconstituting cells. 23 Incubation of human CD34
þ CD38 À cells with immobilized Delta-1 and hematopoietic growth factors inhibited myeloid differentiation and induced an B100-fold increase in numbers of CD34 þ cells compared to cytokines alone. 24 Extensive myeloid and both B and T lymphoid engraftment was obtained following transplantation of these ex vivo expanded populations into NOD/ SCIDb2mÀ/À mice. In earlier studies, retroviral transduction of the constitutively active Notch1 intracellular domain (N1Ic) into mouse stem cells resulted in T-cell leukemia in a bone marrow reconstitution model. 25, 26 Similar results were obtained by transducing HSC with Notch3. 12 More recent studies with N1Ic-transduced Sca-1 þ C-Kit þ Lin À marrow cells led to the development of immortalized populations of pluripotent cells following culture with c-kit ligand (KL), flt-3 ligand, IL-6, and IL-11. 27 These cells were capable of myeloid and lymphoid differentiation in vitro and repopulated both myeloid and lymphoid lineages after transplantation in vivo. These and similar studies 28 indicate a potential role of Notch1 signaling in modulating stem cell self-renewal and ensuring that a portion of the progeny differentiate along the alternate lymphoid instead of the default myeloid pathway. 5 In vivo experiments in mice have mainly shown the effects of constitutive Notch signaling on lymphopoiesis rather than myelopoiesis; however, in vitro experiments have shown activity on myeloid differentiation. Constitutively active Notch1 inhibited granulocytic differentiation of the murine 32D cells, human HL-60 cells, human CD34 þ cells, and erythroid (but not megakaryocytic) maturation of K562 cells. 21, 29, 30 Notch4 is a unique member of the Notch receptor family in that its extracellular domain has seven less EGF-like repeats than Notch1 and Notch2. Beyond the RAM domain and ANK repeats, the rest of the intracellular domain of Notch4 is much shorter than other Notch proteins and displays no homology to any known protein. 31, 32 Int-3 is a constitutively active form of Notch4 caused by insertion of a mouse MMTV virus into the Notch4 gene, resulting in the expression of a protein that includes the transmembrane domain and the entire intracellular domain of Notch4.
33 Int-3 transgenic mice develop neoplasias of mammary and salivary glands. 34 Expression of Int-3 inhibits the differentiation of epithelial cells in response to hepatocyte growth factor (HGF) treatment. 35, 36 Notch4 is predominantly expressed by embryonic and adult endothelial cells. 35 Its expression has also been detected in hematopoietic progenitors and maturing macrophages. 5, 13 These observations suggest that Notch4 may be involved in the regulation of both early and late stages of hematopoietic development. In this study, we demonstrate that Notch4/Int-3 affects the proliferation and differentiation of HL-60 cells, and Int-3 overexpression in primitive hematopoietic cells promotes a significant increase in their ability to generate progenitors in cytokine-stimulated suspension culture.
Materials and methods

Cell culture
The human promyelocytic leukemia cell line HL-60 (ATCC) was maintained in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% fetal calf serum (FCS), 1 mM mercaptoethanol and 1 mg/ml Gentamicine. Human embryonic kidneyderived 293T cells (ATCC) and mouse myoblast cells C2C12 (ATCC) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS, 100 U penicillin and 2 mM Lglutamine. Mouse bone marrow cells were grown in IMDM with 20% FCS, 1 mM mercaptoethanol, 1 mg/ml Gentamicine and cytokines. All the cell cultures were maintained in a humidified 5% CO 2 atmosphere at 371C.
Plasmids construction
To construct a retroviral vector driving the expression of the Int-3 protein, the plasmid cl-101 carrying Int-3 cDNA (kindly provided by Dr Gallahan, NIH) was digested with XbaI, bluntended with T4 DNA polymerase, and further subjected to XhoI digestion to purify an XhoI-Xba1 (blunt) fragment for Int-3. This fragment was cloned into a MigR1 retroviral vector (kindly provided by Dr Warren Pear, University of Pennsylvania, USA) that had been digested with EcoR1, blunt ended with T4 DNA polymerase, and digested with XhoI. To express Int-3 C-terminus deletion mutants including N4RAM and N4RAM-ANK, PCRamplified cDNA fragments were cloned into pcDNA3.1-His (A) (Invitrogen) and fused with an Xpress epitope at the N-terminus to facilitate protein detection. Primers flanked with EcoR1 restriction sites were used to perform a second PCR to amplify cDNA fragments including the Xpress epitope, digested with EcoR1, and cloned into MigR1 vector at the EcoR1 site to obtain the retroviral constructs MigR1-N4RAM and MigR1-RAM-ANK.
Luciferase assays
C2C12 myoblast cells grown to 75% confluence in six-well plates were cotransfected with MigR1 constructs, CBF1 luciferase reporter 4xCBF1wt-Luc (pJH23A) (kindly provided by Dr Diane Hayward, John Hopkins University, USA), and CMV-bgalactosidase as an internal control for transfection efficiency. At 48 h after transfection, cells were harvested and Luciferase activity was measured using the Promega Luciferase detection kit. b-Galactosidase activity was measured by using ONPG (Sigma) as a substrate. Luciferase activity for each sample was normalized to b-galactosidase activity in the same sample, and compared with the mock-transfected control to calculate the fold increase in luciferase activity. Data shown are from three independent wells; experiments were repeated a minimum of three times.
Western blot analysis
C2C12 cells transfected with MigR1 or MigR1-Int-3 or MigR1-N4RAM, MigR1-N4RAM-ANK were harvested 48 h post-transfection and lysed at 41C for 10 min in lysis buffer (0.05% Tris-HCl (pH7.5), 150 mM NaCl, 1% Triton X-100, 0.1%SDS, 1 mM PMSF). Cell lysates were vortexed for 10 s, centrifuged at 15 000 rpm for 10 min. Supernatant (20 mg of total protein) was separated on a 12.5% SDS-PAGE gel at a voltage of 10 V/cm, and transferred to nitrocellulose membranes. The filters were blocked by 5% nonfat dry milk in 0.05% Tween-20 in PBS (PBS-T) for 2 h at room temperature and then incubated with primary antibody for 2 h. For detection of the entire Int-3 protein expressed from MigR1-Int3 retrovirus, a polyclonal goat antibody raised against the intracellular domain of Notch4 (Santa Cruz) was used (1:200 dilution). For the detection of Xpresstagged, truncated Notch4/Int-3 proteins (N4RAM and N4RAM-ANK), anti-Xpress monoclonal antibody (Invitrogen) was used (1:5000 dilution). After washing with PBS-T for three times (10 min each), the filters were incubated for 1 h at room temperature with 1:1000 diluted peroxidase-conjugated rabbitanti-goat IgG or peroxidase-conjugated sheep-anti-mouse IgG (Jackson ImmunoResearch Inc.) as a secondary antibody. For detection, enhanced chemiluminescent reaction (ECL, Amersham Pharmacia Biotech) was performed according to the manufacturer's instructions.
Isolation of murine bone marrow stem/progenitor cells 
Lin
À cells were cultured in IMDM containing 20% FCS (Sigma, St Louis, MO, USA) supplemented with rat KL (50 ng/ml), thrombopoietin (TPO) (20 ng/ml), and FLT3 ligand (FL) (50 ng/ ml) for 48 h before retrovirus infection.
Retrovirus production and infection
The 293T cells grown to 75% of confluency on 10 cm tissue culture dishes (Falcon) were transfected using the calcium phosphate precipitation method (Mammalian ProFection Kit, Promega, WI, USA) employing 41 mg of a plasmid DNA mixture including 7 mg of plasmid pSV-A-MLV-Eve expressing amphotropic envelope protein (AIDS reagent program, NIAID, NIH), 14 mg of pEQ-Pam3(E-) expressing gag and pol proteins (kindly provided by Dr. Elio Vanin, St. Jude's Children's Hospital) and 20 mg of MigR1 construct DNA. At 24 h after transfection, the cells were rinsed with warm PBS and 6 ml of IMDM containing 10% FCS were added to the cultures. Supernatants harvested 48 and 72 h post-transfection were filtered (0.45 mM, Costar) and stored at À801C until use. C2C12 cells were plated on six-well plates with 2 Â 10 5 cells/well for 12 h before infection. A measure of 2 ml of retrovirus supernatant containing 8 mg/ml polybrene were added to the cells and replaced with fresh medium after 12 h of incubation. A total of 1 Â 10 5 HL-60 cells or 5000 murine BM 5-FU-resistant, Lin À cells stimulated with cytokines were resuspended in 1 ml of retrovirus supernatant with 8 mg/ml polybrene (Sigma) in a 24-well plate (Becton Dickinson, Inc., Franklin Lakes, NJ, USA). Spinoculation was performed at 1500 rpm, 301C for 90 min. After 6-8 h, cells were harvested and washed with PBS, and resupended in fresh growth medium overnight. This infection procedure was repeated on the second and third day. The cells were cultured in the growth medium for a further 3 days and analyzed by flow cytometry to evaluate green fluorescent protein (GFP) as an indicator of infection efficiency and then used for functional assays.
C2C12 differentiation assay
C2C12 cells infected with retrovirus were grown to 75% confluency on six-well plates, and switched to low serum medium (2% FCS). Differentiation of C2C12 cells was monitored using a Nikon fluorescence microscope daily.
HL-60 cell differentiation assay
HL-60 cells infected by retrovirus were induced to differentiate with 1 mM retinoic acid (RA)(Sigma) or 10 nM 12-0-tetradecanoylphorbol 13-acetate (TPA) (Sigma) at 1 Â 10 5 cells/ml. The expression of CD11b and CD14 was analyzed by flow cytometry from 1 to 7 days after induction.
In vitro progenitor cell assays
Following suspension culture, murine BM progenitor cells were plated in 1 ml IMDM medium containing 1.2%. (wt/vol) methylcellulose, 30% FCS, 2 mmol/l glutamine, 0.1 mmol/l 2-mercaptoethanol, and 4 mmol/l hemin with cytokines (Epo, mKL, mGM-CSF, mIL3 each at 100 ng/ml). Colonies were scored in triplicate plates after 7 days of culture in humidified 5% CO 2 at 371C.
Cell cycle analysis and flow cytometry
For cell cycle analysis, cells sorted for GFP were grown in IMDM containing 10% FCS for 24 h and 10 6 cells were harvested, washed twice with PBS, and resuspended in 75% ethanol. Following ethanol fixation, the cells were washed again with PBS and treated with RNase A (25 mg/ml in PBS) at 371C for 30 min, and finally resuspended in PBS containing 50 mg/ml propidium iodide (PI). For detecting cells surface proteins, cells (2-5 1 Â 10 5 ) were incubated in 100 ml of staining buffer (1% FCS in PBS) for 20 min at 41C with blocking reagent (FcR blocker, Miltenyi). PE-conjugated Annexin V and antibodies to human CD11b, murine Mac1, and murine Gr1 were added with 1:50 dilution and cells were incubated for 60 min at 41C. The cells were washed twice with the staining buffer, and then resuspended in 200 ml of staining buffer containing 2 ml/ml PI. Flow cytometry and cell cycle profiles were generated and analyzed using Becton Dickinson Immunocytometry Systems FACScan and Cell Quest software.
Results
Expression of activated Notch4/Int-3 protein by retrovirally transduced cells
To express a constitutively active Notch4 protein, the entire cDNA for Int-3, consisting of the transmembrane segment, the RAM domain, the ANK domain, and the C-terminal domain (CTD), was cloned into the retroviral vector MigR1 that coexpresses GFP as a reporter (Figure 1a) . Like the intracellular domain of Notch1 37 that of Int-3 interacts with CBF1 and abolishes its transcriptional repression on CBF-1 binding elements (CCCTGG)-containing genes. 38 Therefore, we used a CBF-1-dependent luciferase reporter 39 to assess the activity of Int-3 expressed by MigR1-Int-3-transduced cells. Cotransfection of MigR1-Int-3 but not MigR1 with a CBF1-Luc reporter induced a five-to 10-fold higher expression of luciferase activity (Figure 1b) . Activated Notch1 and Notch2 have been shown to inhibit the differentiation of C2C12 myoblast cells. 39, 40 We tested whether Int-3 expression could inhibit the differentiation of these cells as a measure of the function of the transgene. C2C12 cells transduced by MigR1 or MigR1-Int-3 were switched from high serum (10% FCS) growth medium to a low serum (2% FCS) differentiation medium. Formation of myotubes was clearly observed in MigR1-transduced C2C12 cells at day 4 postserum switching. The cells transduced with Int-3 remained mostly round and undifferentiated and only few elongated myotubes were found in these cultures, indicating a blockage of C2C12 myocyte differentiation (Figure 1c) . Western blot using an antibody to the Notch4 intracellular domain identified a single protein band with an approximate molecular weight of 61 kDa, the expected size of Int-3, from the cell extracts of 293T cells infected with MigR1-Int-3 ( Figure 1d ). Control 293T cells were negative for Notch4 by Western blot.
Int-3 expression inhibits all-trans-retinoic acid (ATRA) and phorbol ester (TPA)-induced HL-60 differentiation
To examine the effects of Notch4/Int-3 expression on hematopoietic cells, MigR1-Int-3 retrovirus was used to infect human myeloid leukemia HL-60 cells. Retrovirus-transduced HL-60 cells were treated with ATRA and the expression of cell surface protein CD11b was used as a marker of myeloid differentiation. (Figure 2b ). This suggests that Notch4 signaling delays, but does not permanently block, the granulocytic differentiation of these cells.
The effects of Int-3 expression on the differentiation of HL-60 cell to macrophages induced by TPA were also examined. A significant inhibition of CD11b expression occurred in Int-3/ GFP cells ( Figure 3a) ; the expression of CD14 in response to Vit D3 was also inhibited (data not shown). It is known that following TPA exposure, HL-60 cells undergo morphological changes, becoming flattened and adherent with pseudopodial extensions. 41 To examine if this morphologic change was also influenced by Int-3 expression, we sorted the Int-3/GFP cells and MigR1/GFP cells to over 95% GFP positive and cultured these cells in the presence of 1 mM TPA. At day 3 after TPA induction, over 50% of cells became spindle like and attached to the bottom of the well. In contrast, Int-3/GFP-transduced HL-60 cells remained spheroid in suspension, providing further evidence that the differentiation of HL-60 cells induced by TPA was inhibited by the expression of Int-3 (Figure 3b ).
Int-3 expression inhibits proliferation by altering the cell cycle of HL-60 cells
In HL-60 cells infected by MigR1-Int-3, the GFP-positive cell population showed a steady decline as determined by flow cytometry, compared to the control MigR1-infected cells. A representative experiment is shown (Figure 4a) , in which the control MigR1/GFP GFP-positive cells were initially 25% of the total cell population and remained virtually unchanged during the subsequent culture. However, in the Int-3-transfected cells, the percentage of GFP-positive cells decreased dramatically from 15% to less than 2% at day 6 of culture, suggesting that Int-3-expressing cells were at a growth disadvantage relative to the control cells, or that they were subjected to enhanced apoptosis.
To establish if this phenomenon was due to the inhibition of cell proliferation, HL-60 cells transduced by MigR1-Int-3 or MigR1 were sorted to obtain over 99% GFP-positive cells. The 
Effects of C-terminus truncation on the function of Int-3
Int-3 consists of the RAM domain and an ANK/cdc10 domain that are both conserved in other Notch proteins, and a CTD that shows no homology to any other known proteins. 31 To analyze the roles of these domains of Int-3 in regulating cell differentia- Notch4 (Int-3) signaling modulates hematopoiesis Q Ye et al tion and proliferation, we developed two retroviruses, MigR1-N4RAM-ANK (where the CTD domain of Int-3 is deleted) and MigR1-RAM, (harboring the deletion of both CTD and ANK domain) (Figure 6a ). Western blot analysis using anti-Xpress antibody detected polypeptides of the expected sizes in the cell extracts from 293T cells infected by the two vectors (Figure 6b ). These two retroviruses were used to infect HL-60 cells, and their biological effect was compared with that of MigR1-Int-3-and MigR1-transduced HL-60 cells in the ATRA differentiation assay (Figure 6c ). In HL-60 cells infected by N4-RAM-ANK, a significant but reduced inhibition was observed. In N4-RAM/ GFP-positive cells, the expression of CD11b was similar to MigR1/GFP positive. CD11b expression in the uninfected (GFPnegative) cells of all these populations was similar, providing an internal control that confirmed the effective differentiation induction of the cells. These results strongly suggest that the ANK domain of Notch4/Int-3 is essential for the inhibition of differentiation of HL-60 cells, and that the CTD domain is required for the maximal effect of Int-3 on HL-60 cell differentiation. Furthermore, flow-cytometric analysis of MigR1-, MigR1-Int-3-, MigR1-N4RAM-ANK-, and MigR1-N4RAM-infected HL-60 revealed a consistent decrease in GFP-positive cells in MigR1-Int-3-infected cell cultures. In HL-60 cells expressing both truncated forms of Int-3 proteins, the GFP-positive population remained constant throughout the period of culture (Figure 6d ). HL-60 cells expressing N4RAM and N4RAM-ANK maintained a growth rate similar to the cells infected with MigR1 and in all cultures, total cell expansion was comparable by day 7 (34-to 38-fold expansion) (data not shown). These results indicate that the CTD domain of Int-3 is essential for the inhibition of HL-60 proliferation.
Notch4/Int-3 signaling inhibits differentiation and promotes expansion of primary stem/progenitor cells
To examine the effects of Notch4 signaling on the differentiation and proliferation of primary hematopoietic stem/progenitor cells, MigR1 or MigR1-Int-3 was used to transduce 5-FUresistant Lin À mouse bone marrow cells. After retroviral transduction, 1 Â 10 4 cells were cultured in IMDM medium with 20% FCS supplemented with cytokines including GM-CSF, IL-3, and KL for 2 weeks, and the expression of the myeloid cell surface markers Gr-1 and Mac-1 was measured by flow cytometry. A representative experiment is shown in Figure 7a . In control (MigR1) cultures, 7.7% of cells were GFP positive and of these 35% were Gr1 positive. In Int-3-transduced cell cultures, 16 .3% of the cells were GFP positive but only 6.7% To further examine whether this inhibition of differentiation was associated with an increased maintenance of stem/ progenitor cell, we evaluated the colony-forming ability of both MigR1-and MigR1-Int-3-infected cells. A representative experiment, shown in Figure 7b , highlights a significant increase in both CFU-C frequency as well as total CFU-C cells in the MigR1-Int-3-transduced population. The absolute cell expansion at 14 days from an input of 10 000 cells was 44-fold with MigR1 control cells and 83-fold with Int-3 cells. Table 1 summarizes three such independent experiments that displayed similar transduction efficiency in both MigR1 and MigR1-Int-3 cells (between 5 and 15%). In these three experiments, the CFU-C frequency in the MigR1-Int-3-infected cell population was about three-to five-fold greater than that of MigR1-infected cells, suggesting that a strong expansion of stem/progenitor cells took place when Int-3 was expressed.
Discussion
Notch signaling is an evolutionarily conserved mechanism that regulates cell specification, differentiation, and proliferation during development, 1,2 and has been shown to regulate both lymphopoiesis and myelopoiesis. [5] [6] [7] In the myelopoietic compartment, the expression of activated Notch1 has been reported to inhibit the granulocytic differentiation of 32D cells, HL-60 cells, and human primary progenitor cells. 21, 42 Expression of the activated intracellular domain of Notch1 in 32D cells inhibits differentiation induced by G-CSF but not by GM-CSF; conversely, the corresponding domain of Notch2 inhibits differentiation in response to GM-CSF but not to G-CSF. 43 Notch molecules are post-translationally modified by glycosylation and phosphorylation, and phosphorylation of Ser2078 in Notch2 modulates its granulocyte differentiation-regulating role. 44 Deletion of the Ser/Thr-rich region between amino acids 2067-2099 abrogates G-CSF-induced phosphorylation and results in a molecule that inhibits differentiation in response to either G-CSF or GM-CSF. 44 The results reported here demonstrate that Notch4 also takes part in the control of myelopoiesis.
In particular, we have shown that expression of Int-3, the activated form of Notch4, inhibited both monocytic and granulocytic differentiation of human HL-60 cells, as well as that of murine primary stem/progenitor cells. This is consistent with the effects previously reported for Notch1. 5, 43, 44 However, other studies have shown that Notch1 signaling promoted 32D cell differentiation via RBP-J transactivation, 45 or enhanced survival and entry into granulopoiesis of G-CSF-stimulated 32D cells with the inhibition of postmitotic terminal differentiation. 46 These different observations could mirror structural differences in the engineered Notch1 proteins or in the experimental conditions, such as different levels of expression of the transgenes driven by different promoters.
Our data show that Int-3 expression inhibits HL-60 cell proliferation by causing G0/G1 cell arrest. Notch1 signaling has been shown to reduce proliferation of 32D cells and cause an accumulation in G0/G1. 47 Overexpression of constitutively active Notch1 in HL-60 and CD34 þ cells delayed differentiation but reduced the fraction of HL-60 cells in G0/G1. 21 Induction of cell cycle arrest by Notch has been reported in other systems. Activated Notch1 and Notch2 transduced using adenoviral vectors in human small-cell lung cancer cells caused a growth arrest, associated with a G1 cell cycle block. 48 Expression of Notch1 in the chicken B-cell line DT40 resulted in the growth suppression of cells and cell cycle arrest at G1 accompanied by apoptosis. 49 Notch signaling also causes cell cycle G1 arrest in Drosophila wing development. 50 Our results appear to be consistent with these reports.
To define the role of the different functional domains of Int-3 in regulating hematopoiesis, retroviral vectors were constructed that carried C-terminus truncated forms of Int-3. The RAM domain of Notch1 (about 110 amino acids) contains a highaffinity binding site for CBF1 51 that is believed to be the major effector of Notch-mediated regulation of gene expression. The ANK domain has also been implicated in protein-protein interactions. It has a weak affinity to CBF1, binds to Notch regulatory protein Deltex, and NF-kB.
1,2 Although these interactions are not directly associated with Notch function, the ANK domain has been shown to be essential in all Notch proteins. In the hematopoietic system, both the ANK domain and the CTD of Notch1 have been proven essential for the induction of T-cell leukemia, and the transforming ability appears to be associated with the transactivation activity. A mutant of Notch1 lacking the ANK domain lost its transforming ability. 26 Both RAM and ANK domains are highly conserved in Notch4/Int-3. It has been shown that inhibition of mammary epithelial cell branching by Int-3 requires the RAM-ANK domain. 33 We have demonstrated that the ANK domain was essential for Int-3-mediated inhibition of HL-60 differentiation. In the absence of the CTD, the inhibitory effect of Int-3 on the maturation of HL-60 cells was partially decreased, whereas the effect on the cell cycle was totally abolished. HES1 activation by Notch1 signaling was not associated with the role of Notch signaling in inhibiting proliferation of small-cell lung cancer Notch4 (Int-3) signaling modulates hematopoiesis Q Ye et al cells, 48 suggesting that this function of Notch may be independent of both the RAM and ANK domains. Thus, our data support a role of the CTD of Notch4 in regulating cell cycle, and of both CTD and ANK domains in the control of differentiation.
In addition to the effect in HL-60 cells, we have analyzed the effects of Int-3 overexpression in cultures of normal hematopoietic mouse bone marrow cells enriched for stem/progenitor cells. Int-3 expression inhibited myeloid differentiation as shown by the strong decrease of Gr-1 and especially Mac-1 expression in Int-3-transduced cells. It is interesting to consider how, even in the presence of a relatively moderate transduction efficiency (5-15%), significantly higher overall numbers of CFCs were generated in the cultures of Int-3-infected cells exposed to cytokines for 2 weeks. This suggests that Int-3 may exert a potent inhibitory effect on the differentiation of Int-3-expressing hematopoietic precursors and produce a significant accumulation of progenitors. These two observations could be the result of Notch action at a single level, that is, the delay or block in myeloid progenitor differentiation leading to an accumulation of progenitors. Alternatively, Notch signaling may affect two decision points, one favoring stem cell self-renewal over differentiation and the other favoring lymphoid, specifically Tcell lineage, over myeloid lineage outcome. 5, 6 This latter view is supported by our studies as well as a number of studies of transduction of Sca1 þ Lin À bone marrow cells with constitutively activated Notch1, 27, 28 or culture of such cells in the presence of Delta ligand. 22, 23 Studies in Notch1-and Notch2-deficient embryos have revealed profound defects in vascular development. 5, 11, 52 In contrast, Notch4-deficient embryos develop normally and adults are viable and fertile. 52 Notch1 and Notch4 genes have partially overlapping roles during embryogenesis and embryos lacking both Notch1 and Notch4 have a more severe defect in angiogenic vascular modeling than Notch1-deficient embryos. 52 Notch4 is primarily expressed in endothelium and endocardium. 31, 53 Expression of constitutively active Notch4IC in endothelial cells inhibited sprouting in vitro and angiogenesis due in part to promoting b1 integrin-mediated adhesion to the underlying matrix. 54 Jagged has been reported to act through Notch4 in endothelial cells 55 and recent studies suggest that Delta-like4 (Dll4) may be a potent ligand of Notch4 based on similar expression patterns of the two proteins. 52, 56 Notch1, but not Notch2-deficient embryos, exhibit severe defects in definitive hematopoiesis in yolk sac and splanchnopleuric mesoderm. 57 Flk-1-positive hemogenic endothelium on the floor of the dorsal aorta expresses both Notch1 and Notch4. Subsequent development at this site of hematopoietic foci containing the earliest population of engraftable HSCs is associated with sustained expression of Notch1 and Notch2, and loss of Notch4. 57 Studies with conditional Notch1-deficient BM showed normal hematopoietic engraftment, suggesting that Notch1 acts at the step of generation but not expansion or maintenance of HSCs. 57 A possible overlap between Notch1 and Notch4 at this level could be explored in embryos deficient in both genes. Evidence that Notch4 is expressed at other stages of hematopoiesis has been obtained by single-cell RT-PCR analysis of various hematopoietic precursors: macrophage precursors expressed high levels of Notch1 transcripts, while maturing macrophages expressed high levels of both Notch1 and Notch4. 13 Gene expression profiles have been obtained from subtracted cDNA libraries of purified lineage-depleted murine fetal liver AA4. þ CD38 À stem cell-enriched populations. 59 The importance of the Notch pathway in hematopoietic development is underscored by the identification of Notch1, manic Fringe, NFkB and Dishevelled-1, the putative Notch1 repressor Numb1, Figure 7 Expression of Int-3 inhibits the differentiation and promotes expansion of murine bone marrow hematopoietic stem/ progenitor cells. Mouse bone marrow cells (5000) enriched for stem cells (5-FU resistant, Lin(À)) cells were transduced with MigR1 or MigR1-Int-3 and cultured with cytokines including KL, IL-3 and GM-CSF for 2 weeks. The resulting cultures were analyzed for the expression of differentiation markers Gr-1 and Mac-1 with two-color FACS (a) and for the frequency of colony-forming cells (CFU-C) in methylcellulose assays (b). Cytokines used in these assays were KL, IL-3, GM-CSF and Epo. Triplicate assays were performed for each experiment. Summary of three independent experiments on the effects of Int-3 on the expansion of murine bone marrow stem/progenitor cells as shown in Figure 7 . and Notch ligands Delta-like protein (Dll1) and Jagged-2, in stem cell enriched populations. [58] [59] [60] Notch1 was also expressed in purified common lymphoid progenitors. 61 In none of these reports was Notch4 identified in stem cell-enriched populations. On the basis of these stem cell gene expression profiles, our results suggest that ectopic expression of Int3 may activate downstream pathways that are normally activated by Notch1 signaling leading to enhanced self-renewal at the expense of differentiation. It is still possible that Notch4 is expressed in a subset of the hematopoietic stem/progenitor pool and activation of this pathway by Int3 is a physiologically relevant response. In support of this possibility is a study of Notch family expression by RT-PCR and proliferative response to Jagged ligand in lineage-depleted umbilical cord blood, enriched for stem and progenitor cells and separated on the basis of CD34, CD38 and CD133 expression.
62 CD34 þ CD38 À cells expressed Notch1, -2, -3, and -4, and expression of all four receptors persisted in CD34 progeny generated in Jagged-stimulated short-term culture. In contrast, CD133
þ , CD34 À cells expressed only Notch1 and Notch2, and failed to express Notch3 and Notch4 even after upregulation of CD34 following short-term culture. 62 The expansion of hematopoietic progenitors observed with Jagged addition to cytokine-stimulated cultures of CD34 þ CD38 À cells was not observed with CD34 À CD38 À , suggesting that Jagged was acting through the Notch3 or Notch4 receptor. However, Jagged-1-induced activation through Notch1 and Notch2 has been shown to be negatively regulated by expression of Fringe. 63 Fringe, in turn, is not differentially expressed in CD34
À and CD34 þ cells making it an unlikely sole negative regulator of Jagged 62 and suggesting the existence of additional downstream mechanism modulating Notch signaling in primitive hematopoietic cells.
Taken together, our data suggest that Notch4 signaling may have a physiological role in the regulation of mammalian hematopoiesis, and that the modulation of its expression may be exploited to maintain human stem cells in an undifferentiated state during ex vivo manipulation.
